Abstract-Wireless communication became a key technology in the transportation domain. An increase of efficiency and safety can be achieved by connecting all traffic participants. In the railway domain wireless communication could enable new applications. In this contribution we focus on train-totrain (T2T) communication and investigate the propagation conditions. In typical railway environments different types of objects along the track highly influence the propagation channel and, in turn, the performance of wireless T2T communications. Therefore, the characterization and modeling of the propagation effects are indispensable. In comparison to cellular or vehicle-tovehicle communication, T2T propagation is hardly investigated. In this paper we present how key parameters of the multipath components (MPCs) of the channel impulse response can be estimated. The estimation is based on measurement data. We estimate delay and Doppler of single-bounce MPCs and estimate the location of the corresponding scatterers.
I. INTRODUCTION
The characterization of propagation effects and resulting channel modeling is essential for new communication standards. In railways, a common communication standard is Global System for Mobile Communications -Railway (GSM-R) and in future it might be Long-Term EvolutionRailway (LTE-R) as discussed in [1] . Both communication standards are train-to-ground (T2G) based. A comprehensive overview of T2G channel measurements and models for high speed railway (HSR) is given in [2] . In [3] future railway radio communications services and the need of a combination of T2G and T2T are discussed. As a result, new applications like autonomously driving trains and virtual coupling of trains, based on ultra reliable low latency communication might be realized. The low latency requirement could be met by T2T communications. In [4] a survey on T2T communication research is given and gaps are pointed out. In comparison to T2G, T2T is hardly investigated and therefore wideband channel sounding measurements and models are missing.
In [5] a general overview of channel models is given and advantages of geometry-based stochastic channel model (GSCM) are described [6] . In fact, GSCM was introduced for multiple antenna cellular networks and single-bounce scattering by [6] . Over the last decades channel models were adapted for new applications, especially GSCM for vehicleto-vehicle propagation [7] . A first step towards a GSCM for T2T communication is the identification and characterization of scatterers. For railways typical scatterers are catenary, the signaling system and supporting masts. Furthermore, different types of artificial or natural objects could cause scattering.
Channel sounding data for railway environments was collected at an extensive T2T campaign in Italy. This campaign with two high speed trains, the environment and the measurement equipment were first described in [8] . The measurements were conducted in single-input single-output (SISO) mode with a moving transmitter (Tx) and a moving receiver (Rx). Hence, neither information on the angle of departure nor on the angle of arrival of MPCs could be derived. A first post processing step of the measured channel impulse response was done with the Kalman enhanced super resolution tracking (KEST) algorithm. Thus, MPCs have been extracted and tracked over time and the corresponding parameters like the complex amplitude, delay and life time have been derived in [9] .
For the following analysis we present one example scenario of the T2T measurement in a rural environment. In a 2D-model we rebuilt the measurement environment of the example scenario. For simplicity reason, only catenary masts and one cross bridge are taken into account. All objects in the 2D-model are represented as point scatterers.
In this paper we propose to localize a scatterer through precise estimation of both delay and Doppler over the complete lifetime of the MPC. Note that we also use the accurate position, heading and velocity estimates of both trains. These estimates are obtained from a geodetic global navigation satellite system (GNSS) receiver. The Doppler is estimated with the help of the phase information for each MPC.
The paper is structured as follows: The parameter estimation is described in Section II. In Section III we present the measurement example scenario and the 2D-model. The scatterer localization is shown for both, the example scenario of the measurement and the 2D-model. The estimated delay and Doppler are shown based on measurement data and the 2D-model and differences are highlighted in Section IV. We conclude the paper in Section V.
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II. PARAMETER ESTIMATION
As mentioned before, we propose to localize a scatterer through precise estimation of both delay and Doppler over the complete lifetime of the MPC. A MPC occurs, if a wave emitted by the Tx hits a scatterer and the scattered wave is received by the Rx. If the wave is scattered only once, we call it single-bounce MPC.
The geometry between the Tx, Rx and one scatterer S is shown in Fig. 1 . The line of sight (LoS) path between the Tx position x T and the Rx position x R defines the local coordinate system with the x ′ -and y ′ -axis. In the local coordinate system, the Rx is always in front of the Tx independent of the direction of driving without loss of generality. The global coordinate system is represented by the x-and y-axis. The rotation angle between the local and the global coordinate system is φ 0 . The heading of the Tx is described by φ T and the heading of the Rx by φ R . The scatterer S is static and represented as gray square with the position x S .
A. Representation of the delay
Each scatterer causes a certain MPC with a delay τ i (t) at time t. This delay is represented by an ellipse in Fig. 1 . The ellipse is defined with their foci at Tx and Rx as
and
where a τi(t) represents the semi-major axis and b τi(t) the semiminor axis [10] . Every scatterer positionx S on the ellipse can be calculated bý
The angle ϕ ∈ (−π, π] determines the position of the scatterer on the ellipse, but is not the polar angle between the scatterer and the x'-axis [11] .
B. Representation of the Doppler
In T2T or vehicle-to-vehicle communication Tx and Rx are moving. Therefore, the transmitted signal experiences a Doppler f d [11] . A common representation of the Doppler is based on the velocities of Tx and Rx, and the angle of departure and angle of arrival. Due to the SISO measurements, neither angle of departure nor angle of arrival are directly available. Alternatively, the Doppler can be expressed by the delay changes as shown in (4), with the delay τ i (x S , t) with respect to the scatterer position vector x S and time t times the frequency f c [11] .
Instead of the delay, the phase information can be used for the Doppler estimation as
where ∆t is the time between two consecutive measurements. Following the derivation of the Doppler [11] and adopting the parameters to the T2T scenario as shown in Fig. 1 , the Doppler related to every positionx S on the ellipse can be calculated as follows:
The variable d represents the LoS distance, υ T the speed of the Tx and υ R the speed of the Rx.
III. MEASUREMENT EXAMPLE SCENARIO AND 2D-MODEL

A. Measurement example scenario
The T2T measurement campaign was performed in typical railway environments with the DLR RUSK channel sounder at f c =5.2 GHz and with a bandwidth of 120 MHz as presented in [8] . A first analysis of the processed data with the KEST algorithm showed very pronounced MPCs in rural environments [9] . Therefore, a rural environment was chosen as example scenario. A t = 20 s long sequence of the measurement data was used for the following analysis. In this sequence, the Tx was driving with a velocity v T = 50 km/h in front of Rx with a velocity v R = 10 km/h; the distance between Tx and Rx increased from d =540 m to 760 m. This position and velocity data was obtained by geodetic GNSS receivers and is used as ground truth. Due to the rural environment and the roof mounted GNSS antennas, we assume open sky condition.
The scatterer localization algorithm for the example scenario consists of several steps:
• Step one: The recorded GNSS data is used to estimate the positions and velocities of Tx and Rx. Furthermore, the geodetic WGS 84 datum is transformed into a datum in a Cartesian coordinate system. The distance d between Tx and Rx is calculated. • Step two: The complex amplitude, delay and life time of each MPC is estimated by the KEST algorithm [9] . • Step three: the Doppler f d (x S (t; ϕ|τ i (t))) of all scatterers which induce the same delay τ i (t) are estimated from (6). • Step four: The phase information θ i of the estimated complex amplitude is used to compute the f d (x S , t) from (5). Note that ∆t = 1.024 ms.
The result of this comparison is a pair of positions or several pairs for one scatterer. • Last step: The positions of the Tx and Rx and the estimated scatterer positions are overlaid onto a georeferenced satellite image. Hence, the scatterer can be identified in the satellite image.
B. 2D-model
We introduce an artificial scenario based on the geometry of the measurement example scenario in a 2D-model. The 2D-model uses a Cartesian coordinate system and contains the track layout, the moving Tx and Rx and all potential scatterers whose positions have been estimated based on the measurement data. These scatterers are modeled by perfect point scatterers. The velocities and start positions of Tx and Rx and the positions of the static scatterers are listed in Table I . A modified scatterer localization algorithm is used:
• Step one: The velocities and start positions of Tx and Rx are known. The distance d is calculated. • Step two: A ray tracing is performed to estimate the delay τ i (t) for all MPCs over a duration of 20 seconds. • Step three is the same as above. • Step four: The delay τ i (t) is used to compute the f d (x S , t) with f c = 5.2 GHz. • Step five is the same as above.
• Last step: The positions of the Tx and Rx and the estimated scatterer positions are plotted together with the objects of the 2D model. 
A. Comparison of the delay behavior
In Fig. 2 and 3 the delay is plotted over time. The distance between Tx and Rx is plotted as a reference with a solid red line. Fig. 2 shows the parameters of only those MPCs which are continuously tracked over several seconds. The figure reveals a pattern with parallel lines where each line can be associated We also comment on two effects shown in Fig. 2 . First, in case of A two very closely arriving MPCs can be observed between t =9 s to10 s. The estimation before t =9 s of a single MPC splits into two MPCs because of two close scatterers. Second, the MPC D is tracked over 20 s which leads to the assumption of very strong scattering.
In comparison, Fig. 3 shows the delay behavior of perfect point scatterers. The delay estimations based on the 2D-model show the same trends as the estimations of the measurement example scenario.
B. Comparison of the Doppler behavior
The resulting Doppler is shown in Fig. 4 
C. Comparison of the scatterer localization
In Fig. 6 the position estimation is plotted onto a georeferenced satellite image. Only the area covering the four examples is plotted. The driving direction is from bottom right to top left; the green stars along the left track represent the location of the Tx. The dot and ring markers of the same color represent the estimated positions of a particular MPC. The MPCs A, B and C can be clearly identified as masts of the catenary. In case of A, the catenary was supported by two masts on the left side. Therefore, two MPCs were tracked as V. CONCLUSION In this contribution, we presented the localization of scatterers in railway environments. The estimated parameters are based on a T2T channel sounding measurement campaign. Although the measurements were performed in SISO mode, scatterers could be localized due to precise delay and Doppler estimation.
MPCs could be separated and tracked up to 11 s for the measurement example scenario. Furthermore, clear trends of MPCs could be shown in the delay and Doppler domain. Four MPC examples were highlighted and the positions of the corresponding scatterers estimated. Catenary masts and a cross bridges along the railway track could be clearly related to the MPCs in the measurement example scenario.
In addition to the measurement example scenario, the measurement environment was rebuilt in a 2D-model based on point scatterers. A comparison between the estimation results based on the measurement example scenario and the 2D-model was shown. The delay behavior showed similar trends for scatterers ahead of Tx and Rx for both the measurement example scenario and the 2D-model data. Due to the large Doppler spread of the measurement example scenario, only trends of large regions of the estimated Doppler could be compared to the 2D-model based estimation. The performance of the scatterer localization algorithm was compared as well. The spreading of the position estimation for the measurement data as well as for the 2D-model data was explained. This spreading is caused by the Doppler estimation.
